ABSTRACT: In this study we combine experimental synthesis and density functional theory (DFT) calculations to gain insight into the polymorphism of A 4 [(UO 2 ) 3 (PO 4 ) 2 O 2 ] (A = Na, K, Rb, Cs) uranyl phosphate structures. Single crystals of a new 3D uranyl phosphate, Cs 4 [(UO 2 ) 3 (PO 4 ) 2 O 2 ], were grown by molten flux methods using a CsCl flux. DFT calculations, using the DFT+U method, were carried out to study the difference between this new 3D uranyl phosphate and a family of recently described layered uranyl phosphates. Variation of the computed properties with changes in U eff values are also studied. The DFT results agree with the experimental observations, showing that the Cs-containing 3D polymorph and the K-containing layered polymorphs are more stable than their respective layered and 3D polymorph. We show an increase in the difference between the total energies of the layered and 3D polymorphs and an increase in the band gaps with increasing U eff value. Volume-based thermodynamics was also applied to calculate the total energies of the different polymorphs, showing consistently higher stability of the layered polymorphs compared to the 3D polymorphs. For each of the studied polymorphs, we calculated the electronic, optical, and bonding properties. We also show an anisotropy in the absorption indexes along the three crystallographic directions of the polymorphs, which is especially noticeable in the layered polymorphs. We attribute the difference in the density of states to the different coordination of the U atoms in the layered and 3D polymorphs. We attribute the preferred formation of the 3D Cs polymorph to the substantial increase in the U−A bond strength, which is more pronounced than the differences in the bond strength between structures for other atomic pairs.
■ INTRODUCTION
Uranyl phosphates are important for applications in the field of nuclear waste sequestration, as well as for understanding actinide chemistry in general. In particular, when aided by the natural abundance of phosphate minerals, the study of uranyl phosphates is helping to develop an understanding of the mobility of uranium species in the environment, which can be applied toward environmental remediation and the separation, disposal, and long-term storage of nuclear waste. 1 Particularly, mineral-based classes of inorganic materials have been proposed as matrices for various components of spent nuclear fuel; however, no universal storage material has been achieved and it remains important to develop and evaluate new candidates as host matrices. 2 While glasses and cements are widely accepted and already implemented on large scales, volatile and mobile species such as cesium, iodine, and technetium still present challenges in waste processing. Phosphates generally have low solubility, making them attractive to explore as potential nuclear waste storage materials; moreover, cesium uranyl phosphates are attractive because of their capability for sequestering hard-to-contain and mobile cesium. 3 Three-dimensional storage materials are of particular interest because of their potential to house ionic species in their pores and to undergo post-synthetic ion exchange.
Uranyl-based hierarchical nuclear waste forms are currently being explored, 2 as UO 2 2+ is an excellent building block for three-dimensional structures. 4 Uranyl phosphates make up a significant portion of known uranyl minerals, and all 45 uranyl phosphate minerals reported are based on 2D sheets (layers) of corner and edge sharing uranyl polyhedra and phosphate tetrahedra. 1 The 2D characteristic of uranyl phosphates arises from the typical coordination chemistry of the uranyl cation, UO 2 2+ , which has two short axial bonds with average bond distances of ∼1.80 Å that are typically nonbonding. The equatorial U−O bonds have bond distances ranging from 2.2 to 2.5 Å and typically connect adjacent uranyl groups, thereby naturally favoring a layered topology. 5, 6 Therefore, 3D structures are rather uncommon and can form only if either cation−cation interactions are present to connect adjacent layers or if a functional group, such as a PO 4 3− or SiO 4 4− , bridges uranyl groups within a sheet and connects to other uranyl sheets by bonding in a direction perpendicular to the sheet structure, as observed in the Cs 4 [(UO 2 ) 3 (PO 4 ) 2 O 2 ] compound reported in this paper. As 3D structures hold significant promise as waste form materials with an ability to engage in ion exchange for sequestering radionuclides, they are the subject of the current effort to understand the energetics of layered and 3D structures.
While 3D uranyl phosphates are significantly less common than layered materials, several are known, including but not limited to Cs 4 [(UO 2 ) 2 (GaOH) 2 11 The first five listed 3D uranyl phosphates were synthesized by mild-hydrothermal methods that have been extensively explored for the synthesis of new uranium phosphates, while the other four phosphates were prepared via less widely used solid-state and molten flux methods.
Herein we report the synthesis and characterization of a new 3D uranyl phosphate, Cs 4 [(UO 2 ) 3 (PO 4 ) 2 O 2 ], grown as single crystals in a CsCl flux. This is in contrast to the solely Kcontaining phases which will form layered but not 3D structures. As noted above, the formation of a layered polymorph is expected from UO 2 2+ coordination chemistry, while obtaining the 3D polymorph requires more complex interaction between UO 2 2+ and PO 4 3− . The question then arises, and which is addressed in this effort, why does the smaller K cation form a layered polymorph, while the larger Cs cation prefers to form a 3D polymorph? As an aside, it is also observed that the layered polymorphs, A 4 [(UO 2 ) 3 (PO 4 ) 2 O 2 ] (A = Cs 0.7 K 3.3 , Rb 1.4 K 2.6 , and K 2.9 Na 0.9 Rb 0.2 ) can be prepared but not single alkali versions other than that for K. 12 The current effort to understand why Cs-rich uranyl phosphate tends to form a 3D polymorph rather than the more typical layered polymorph, and why the K-rich uranyl phosphate does the opposite, explores the governing energetics using density functional theory (DFT) calculations and a technique termed volume-based thermodynamics (VBT). We compared computed structural parameters, bond distances, total energies, bond strength, and electronic and optical properties of the K-and Cs-containing polymorphs, as well as the Na and Rb analogues. To obtain the most accurate representation of the correlated electrons in these U-and Ocontaining systems, we used DFT with applied on-site Coulombic and exchange corrections, U eff . To optimize the results, we studied the dependence of properties of the A 4 [(UO 2 ) 3 (PO 4 ) 2 O 2 ] polymorphs on U eff values. The results of VBT were contrasted with those of DFT+U in evaluating the relative stability of the studied polymorphs.
■ METHODS
DFT. The calculations were performed using the Vienna Ab initio Simulation Package (VASP) planewave code, 13, 14 with the Perdew− Burke−Ernzerhof (PBE) generalized-gradient approximation 15 and the projector augmented plane wave (PAW) method. 16, 17 We performed spin-polarized calculations, using 520 eV cutoff energy for the planewave basis set and k-point mesh of 6 × 2 × 6 and 4 × 5 × 4 for the layered and 3D polymorphs, respectively. Energy and forces convergence criteria were chosen as 10 −6 eV and 0.001 Å/eV, respectively. The volume, unit cell shape, and ionic positions of each of the structures were fully relaxed. The valence electrons configuration for U, P, O, Na, K, Rb, and Cs are [ 1 , respectively. The real, ε 1 (ω), and imaginary, ε 2 (ω), parts of the dielectric function were determined from the frequency-dependent dielectric response theory including local field effects in the random-phase approximation. 18 The ε 1 (ω) and ε 2 (ω) were used to calculate the absorption coefficient, α(ω), using
where ω is the photon frequency. The static dielectric constant, ε c (ω → 0), was estimated from the zero frequency limits (ω → 0) of the real part of the dielectric function, ε 1 (ω). To obtain information on the bonding strength in the different polymorphs, we performed crystal orbital Hamilton population (COHP) analysis using the code LOBSTER, 19−21 where the interatomic bond strength is directly proportional to the integral of the COHP curves (ICOHP) up to the Fermi level.
DFT+U. We used Dudarev's rotationally invariant approach to the DFT+U, 22 in which the total energy is expressed as
where n is the occupational matrix of the 5f electrons, with σ indexing the spin and m representing the f-orbitals index (angular momentum quantum number). U and J are the onsite Coulomb parameter and the exchange parameter, respectively, with the spherically averaged effective interaction parameter, U−J, referred to simply as effective U, U eff . The U eff values in this study were chosen in three ways. Because in the studied structures U atoms are bonded only to O atoms, we considered U eff = 3.96 eV (U = 4.5 eV and J = 0.54 eV), which is derived from spectroscopic measurements for UO 2 and used in DFT +U studies of UO 2 . 23, 24 To cover the large range of possible U eff values, we varied values from 0 (DFT) to 6 eV, with a step of 1.5 eV. Lastly, we derived a U eff = 4.29 utilizing the linear response approach proposed by Cococcioni et al., 25 using finite differences to obtain the elements of the response matrices, setting the α parameter to ±0.08 with a step of 0.02. We start the relaxation of the structures using U eff = 0 eV. To relax the structure at higher U eff , we used the structures, and their respective charge densities and wavefunctions, relaxed at the lower U eff : structures relaxed at U eff = 0 eV for relaxation at U eff = 1.5 eV, structures relaxed at U eff = 1.5 eV for relaxation at U eff = 3.0 eV, and so on.
VBT. An alternate means for computing total energies of the polymorphs is VBT, which is dependent on the known formation energies for lower scale structural units together with experimentally derived crystallographic data, most notably the formula unit volume (V m ). It is also a substantially less computationally demanding way to calculate formation enthalpies and Gibbs energies of formation. 26, 27 VBT computational methods applied to layered polymorphs, specifically the phosphates, were discussed in ref 12 , where the formation energies of the uranyl phosphate frameworks studied were found to be in good agreement with measured values of similar composition. The application to more complex 3D structures such as salt-inclusion materials (SIMs) was discussed in ref 28 and are validated by experimental findings.
In VBT, the formation enthalpy is calculated from its lattice potential, U pot , using the volume per formula unit, V m , and the ionic strength factor for the structure, which is converted to a useable enthalpic value, H L . The lattice enthalpy includes terms to describe the number of different ion types (s i ) in the system and a constant (c i ) related to whether these ions are monoatomic or polyatomic (linear or nonlinear) as shown here:
where R is the ideal gas constant and T the thermodynamic temperature, in Kelvin. Two distinct approaches for treating the uranyl phosphate polymorphs were used, differing with respect to how the ion types (notably the variable(s) s i ) are described. In the first approach, termed the 3D approach, the polymorphs are treated analogous to SIMs, in considering the framework as a single ion type, and the inclusion within the cavity/pore as a separate species or ion type. Ultimately there are only two entities to consider, i.e., the framework and the inclusion. In the second approach, termed the 2D approach, the polymorph uranyl, UO 2 2+ , and phosphate, PO 4 3− , ions are considered as distinct building block units, with the cations between the layers as individual ions. The formation enthalpies are then calculated using auxiliary information as described in ref 12 . It is to be noted that the auxiliary information is limited to the formation of PO 2 − ions, as energetics for the phosphate ion are lacking.
Synthesis. Single crystals of the Cs 4 [(UO 2 ) 3 (PO 4 ) 2 O 2 ] compound were synthesized by flux growth methods 29 using UF 4 (International Bio-Analytical Industries, powder, ACS grade), AlPO 4 (Alfa Aesar, powder, 99.99%), and CsCl (Alfa Aesar, powder, 99%) as received. Caution! Although the uranium precursor used contained depleted uranium, standard safety measures for handling radioactive substances must be followed. A ratio of 0.5:2:20 of U, P, and CsCl on a mmol scale was weighed out into a silver tube measuring 5.7 cm tall with a diameter of 1.2 mm. The silver tube was covered with a loosefitting silver cap and placed in a box furnace that was heated to 875°C in 1.5 h, held for 12 h, and then slowly cooled at a rate of 6°C/h to 400°C, at which temperature the furnace was shut off and the tube was allowed to cool to room temperature. The tube was then cut open and sonicated in water to aid in the dissolution of the CsCl flux. The bright orange polyhedral crystals of Cs 4 Figure  S1 ) were synthesized in a fair yield, with AlPO 4 and AgCl as the major byproducts and an additional orange uranium containing impurity that will be reported later.
XRD. A small fragment of an orange polyhedral crystal was cut to obtain a crystal of appropriate size for single-crystal X-ray diffraction (SCXRD). The structure was determined by SCXRD data obtained using a Bruker D8 QUEST diffractometer with a microfocus source (Mo Kα radiation, λ = 0.71073 Å). The SAINT+ and SADABS programs within APEX 3 were used to reduce the raw data and correct for absorption effects. 30 SHELXT and SHELXL were used within the OLEX2 GUI to obtain an initial structure using intrinsic phasing and to refine the structure.
31−33 Full crystallographic data can be found in Table S1 . EDS data were used to confirm the presence of the elements in the structure using a TESCAN Vega-3 SBU instrument equipped with an EDS detector.
■ MODELS
As mentioned previously, our interest is in two A 4 [(UO 2 ) 3 (PO 4 ) 2 O 2 ] (A = Na, K, Rb, Cs) uranyl phosphate polymorphs, with layered and 3D structure, both having the P2 1 /c space group (ITC number 14), see ref 12 and Table S1 . The layered polymorphs have phospho-uranylite-based layers composed of chains of uranyl hexagonal and pentagonal bipyramids linked by phosphate tetrahedra, with the alkali atoms between these layers (see Figure 1a ,b). The 3D polymorphs consist of square bipyramidal uranyl polyhedra that corner share to form trimers linked via corner-sharing phosphate tetrahedra to create the 2D layers shown in Figure  1d . These 2D sheets are connected to adjacent layers via uranyl polyhedra that bond approximately perpendicular to the 2D sheet, creating a 3D framework structure containing small channels in the c-direction as shown in Figure 1c . Channels are also formed in the b-direction and are occupied by alkali atoms located between adjacent, nonbonding uranyl polyhedra. The bond valence sums agree with expected values and are listed in Table S2 along with U−O and P−O bond distances.
Beside the noticeable difference in the structure and position of the alkali atoms, the two polymorphs also differ in the oxygen coordination around the U atoms. In the 3D structure, the U atoms are surrounded by six O atoms forming a square bipyramid (Figure 1d ), whereas in the layered structure, seven or eight O atoms form pentagonal or hexagonal bipyramids around the U atoms, respectively ( Figure 1b) . Nevertheless, the U−O distances in the respective layered and 3D polymorphs are nearly identical, and the charge density is symmetrically distributed between the U and O atoms in both polymorphs ( Figure S2 ). In addition, all of the studied systems relaxed to a nonmagnetic state, in agreement with the observations.
■ RESULTS AND DISCUSSION
Structural Parameters. For each of the relaxed structures we calculated the volume (see Figure 2 ) and structural parameters (a complete list of the structural parameters is given in Table S3 ). In the case of the K and Cs polymorphs, the difference between the calculated and experimental lattice parameters increases with increasing U eff for both polymorphs. In the case of the K layered polymorph, the lattice parameter a is smaller than the measured value and decreases with increasing U eff , while the b and c lattice parameters are larger than the respective experimental values and increase with increasing U eff . The lattice parameter dependence on the U eff in the Cs 3D polymorph is rather different, with the lattice parameter a increasing with increasing U eff , approaching the measured value. The difference between the calculated and experimental values of the b and c lattice parameters increases with increasing U eff ; the parameters b and c increase and decrease in value, respectively. The β angle of the layered polymorphs is almost constant with varying U eff (standard deviation of 0.023°averaged over the 4 alkali-containing polymorphs), while in the 3D polymorph an increase in the β angle with increasing U eff is noticeable. Interestingly, the volume of each of the studied structures increases with increasing U eff . In the case of the Cs 3D polymorph, the calculated volume is smaller than the experimental one, with their difference decreasing with increasing U eff . On the other hand, the calculated volume of the K layered polymorph becomes larger than the experimental one at U eff ≈ 2.55 eV. Yet, despite the increasing difference between the calculated and experimental lattice parameters and β angle, the net effect yields decreasing differences between measured and computed volumes with increasing U eff .
To understand polymorph formation via their bonding, it is important to the understand the relation between U eff values and bond distances. Shown in Figure 2 are the calculated volume and the average U−O, P−O, U−U, and U−A (A = K, Cs) bond distances as a function of the U eff . We chose U−O, P−O, U−U, and U−A bonds because, as we show later, their bond strengths are the largest; hence, any changes in the distance will have the largest influence on the total bond strength in the polymorphs (a complete list of bond distances in the relaxed structures is given in Table S4 ). Evidently, calculated U−O, P−O, and U−U bond distances are overestimated, while U−A bond distances are underestimated. Note that bonds that include U atoms display a significant dependence on U eff , which comes from the fact that we apply the U eff value only with respect to U. Also, the calculated bond distances agree best with experimental values at U eff = 0 eV, with exception of U−A. Considering all bond distances, dissimilar dependencies on U eff are seen for K layered and Cs 3D polymorphs. In the case of the K layered polymorph, agreement of calculated and experimental values is best for low U eff values, from 0 to 1.5 eV, with the average absolute error for both U eff being 0.625%. On the other hand, the bond distances in the Cs 3D polymorph are closest to experimental values for U eff = 0 eV or large U eff values of 4.5 and 6 eV. The average absolute error is lowest for U eff = 0 eV, 1.171%, with a very small increase in the average error with increasing U eff , with the average error for U eff = 6 eV being 1.243%. Implications of these results are that lower U eff values may provide the best representation of bonding in these polymorphs.
Stability of Polymorphs. To understand the relative stabilities of layered and 3D polymorph structures at the studied compositions, we computed their total energies, defining the total energy difference as Figure 3 displays ΔE as a function of the U eff , indicating both Na and K layered polymorphs have more positive values as compared to their respective 3D polymorph. This agrees with observations of a layered K polymorph synthesized preferentially. 12 In contrast, for Cs compounds, the 3D polymorph is calculated to be more stable, in agreement with the experimental observations. In addition, there is a clear difference in the stability of the Na, K, and Cs polymorphs on the U eff , where their ΔE is always above or below ΔE = 0 kJ/mol, regardless of the used U eff . However, the situation with the Rb-containing polymorphs is very different: for U < 3.2 eV, the ΔE < 0 kJ/mol, and for U > 3.2 eV, the ΔE > 0 kJ/mol. The total energies of the distinct polymorphs give information on their relative stability, and to understand if a polymorph can be formed, information on the formation enthalpies of phases around the polymorph's composition is required. Although the layered Na polymorph has significantly lower energy than the 3D Na polymorph, and hence is the polymorph predicted to form, the result does not show if the synthesis is driven toward another, lower-energy structure.
While from eq 2 it is evident that the total energy of the system calculated using DFT+U depends on the U eff , why the total energy of the two polymorphs have slightly different dependencies on U eff should be explained. To understand this, one needs to consider the structure of the two polymorphs and specifically the U coordination. As mentioned previously, U atoms in the 3D polymorph have six O nearest neighbors, forming square bipyramids, while in the layered polymorph, the U atoms have seven or eight O nearest neighbors forming pentagonal or hexagonal bipyramids. Because of the different U atom coordination in the two polymorphs, the occupational matrix, n, of the U atoms in the lowest-energy configuration will be different. The distinct matrices will have different influences on the second terms in eq 2; hence, the total energies of the two polymorphs will depend differently on U eff .
In addition to DFT, we also used VBT to calculate total energies using both the 2D and 3D approaches. Comparison between the DFT-and VBT-calculated ΔE is shown in Figure  4 . Evidently, VBT always predicts layered polymorphs to be more stable than the 3D polymorphs, regardless of the used approach. This difference in calculated total energies derives from the different volumes of the layered and 3D polymorphs, with the layered polymorphs having smaller molar volumes, regardless of the alkali content (see Figure 2) . Considering the inverse relation between the U pot and V m , and that both polymorphs have the same composition, a smaller volume yields a more negative U pot and hence more negative total energy. Using the 3D approach, where the system is considered to house ions in a singular, rigid framework, the VBTcomputed ΔE values are smaller, and the computed total energies are also closer to the DFT-calculated energies (see Table S5 ). The more rigid framework consideration for the 3D structures includes a lower ionic strength value when calculating the U pot , leading to more positive lattice enthalpies, which dictates the decrease in stability of the 3D polymorphs. Additionally, more information on the formation energetics of the individual ions within the framework could be useful to improve VBT methods, specifically the formation enthalpy of the PO 4 3− (g) ion. Electronic Properties. Expectedly, all of the studied systems are semiconductors with clearly defined band gaps, as seen in experiment 12 and as is common for oxide materials. For each of the studied systems we calculated the band gaps as the energy difference between the conduction band minimum (CBM) and valence band maximum (VBM). Shown in Figure  5 are the band gaps of the layered and 3D polymorphs as a function of the U eff . It is evident that the band gaps of the polymorphs with different alkali atoms are very similar. This is because the states at the CBM and VBM arise mainly from the U and O atoms (see Figure 6a ,b), with the alkali atoms having negligible contribution. Also, it is noticeable that the band gaps of the layered polymorphs are slightly lower compared to the band gaps of the 3D polymorphs. This is due to the different U coordination of the two polymorphs. Having 7 or 8 O atom coordination of the U atoms will cause a slight decrease in the band gap of the layered polymorph, as compared to the 6 coordinate U atoms in the 3D polymorph, as in U 3 O 8 and UO 3 , with band gaps of 1.67 and 2.6 eV, 34 respectively. As expected from DFT+U, the band gaps increase with increasing U eff . The best estimate for U eff that reproduces the experimentally observed band gap of the K layered polymorph 12 is 1.5 eV. Considering this, and the observation that lower U eff values provide a better estimate of the bond distances in the K layered polymorph, our calculations adopted U eff = 1.5 eV. The results for other values of U eff are given in the Supporting Information.
Information about the electronic structure of the studied polymorphs can be obtained from the density of states (DOS), shown in Figure 6 . There is a noticeable similarity between the DOS around the band gap, −5 to 5 eV region, for the same polymorph, regardless of alkali atom. This is due to the nature of the states around the gap, which almost exclusively come from the U and O atoms (see Figure 7a,c) . The Na polymorphs, however, have a somewhat noticeable difference, which can be attributed to the distortion of the structures by the comparatively much smaller Na atom. The largest difference in the DOS is evident above 5 eV, with a broad peak centered at 9 eV, and below −5 eV. With decreasing alkali atom size from Cs to Na, the intense peak below −5 eV is shifted toward lower energies and the peak centered at 9 eV becomes broader. The difference in the DOS peaks with changes in the alkali atom is a clear indication that alkali atoms contribute the most to the states in the energy regions, which is detailed in the next paragraph. When the DOS of the layered and 3D polymorphs are compared, the most notable difference is in the broadening of the valence bands. The valence bands of the 3D polymorphs are narrower (within a smaller energy range) compared to the layered polymorphs, which can be related to the first nearest-neighbor (1NN) distances in the polymorphs. The distribution of 1NN distances in the 3D polymorphs is smaller than in the layered polymorphs (see Table S4 ), allowing for more uniform hybridization between the NN atomic orbitals; hence, the formed molecular orbitals will be closer in energy, giving rise to bands in smaller energy ranges.
More detailed information on the difference between the electronic properties of the polymorphs can be obtained from the projected DOS (PDOS). Shown in Figure 7 are the PDOS of the K layered and 3D polymorphs, calculated using U eff = 1.5 eV. The PDOS of all of the studied polymorphs, calculated using each of the U eff values, are shown in Figure S3 . Evidently, the states at the top of the VB come predominantly from the U and O atoms, whereas the states at the bottom of the CB come solely from the U atom. A closer look shows that the U 5-f states dominate near the band gap, as is the case for UO 2 , indicating that this material is a Mott insulator. Moving further away from the gap to the either side, below −5 eV and above 5 eV, the contribution from the A (A = Na, K, Rb, and Cs) and P atoms significantly increases, while the contribution from the U and O atoms decreases. For the same polymorph type (see Figure 7a ,c), a change in the alkali atom leads to small changes in the U, O, and P atom PDOS. A noticeable difference in PDOS related to the nature of the A atom is observed, where the high-intensity VB peak is shifted toward higher energy with increasing atomic number alkali metals from Na-to Cspolymorphs (see Figures 6 and S3 ). This VB peak shift comes from the increased energy of the states of the alkali atom with increasing size. A change in the electronic properties is reflected in increased localization of the conduction bands with increasing U eff , in the region up to 8 eV, which is the reason for the increase in band gap (see Figure S3 ). Despite the localization of the conduction bands, the change in U eff has a rather weak influence on the relative position of the PDOS peaks. Thus, the electronic properties of the different polymorphs are comparable for calculations performed with the same U eff value.
There is a rather significant difference between the PDOS of the layered and 3D polymorphs (see Figure 7b ,f). The VBM of the 3D polymorph is entirely made up of U-5f states, except for some hybridization with O-2p and U-6p, which is not the case for the layered polymorph, where a moderate contribution from the O-2p and U-6p is evident. This difference in the VBM states is due to the distinct crystal field splitting of the U-f states coming from the differing coordination between the U atoms in the two polymorphs. It is also noticeable that the U states of the layered polymorphs are broader than those of the 3D polymorph. The O-2p states in the 3D polymorph are shifted slightly below the VBM but are more intense and extend to lower energies (to −6 eV), as compared to the O-2p Figure 6 . Density of states (DOS) of (a) layered polymorphs and (b) 3D polymorphs, calculated using U eff = 1.5 eV. The DOS of the Na, K, Rb, and Cs polymorphs are shown in yellow, blue, purple, and green, respectively. Figure 7 . Projected DOS (PDOS) of K-containing (a and b) layered polymorph and (e and f) 3D polymorph, calculated using U eff = 1.5 eV. The U, K, P, and O PDOS are shown in black, blue, red, and green, respectively. The U-5f, U-6d, U-6p, U-6s, O-2p, and O-2s PDOS are shown in black, blue, green, orange, red, and violet, respectively. −COHP diagrams of (c) P−O and (d) U−O 1NN bonds in the layered (blue) and 3D (red) K polymorphs.
states of the layered polymorph. This causes an increased overlap between U and O-2p states, i.e., increased hybridization between the U and O-2p states, indicating stronger U− O interactions in the 3D polymorph. In addition, the PDOS peaks from the P atoms are at the same energy for both polymorphs (<−5 eV), which is expected from the clearly defined phosphate tetrahedra in the polymorphs. Because the VB O states of the 3D polymorph continue into energies below −5 eV, they overlap with the PDOS of P atoms. The larger overlap between the VB PDOS of P and O indicates a possible stronger P−O bonding in the 3D as compared to the layered polymorph. Besides the previously mentioned difference in the peak broadening, there is no significant difference between the PDOS of A atoms in the layered and 3D polymorph.
Bonding Properties. To further understand the preference for the formation of a particular polymorph, we analyzed the bond strength of 1NN atomic pairs in the structures. We performed COHP analysis as shown in Figure 7c ,d, where negative values indicate bonding and positive values antibonding character. Note that following the convention, we plotted the negative COHP (−COHP) diagrams as a function of energy. Analogously to the DOS, the COHP of the 3D polymorph displays narrower bands. Also, bonding character in the COHP is observed in energy regions where overlap between the DOS of the two types of atoms in an atomic pair is present; note the position of the −COHP peaks in Figure  7c ,d. In addition to the bonding (antibonding) character for the considered energy region, the integral of the COHP (ICOHP) gives information on the relative bonding strength between atoms of an atomic pair.
Therefore, to obtain information on the bonding strength, we calculated the average ICOHP per bond type, up to the Fermi level (E f ) for each of the 1NN bonds in the polymorphs. The ICOHP of both polymorphs, calculated using U eff = 1.5 eV, are shown in Figure 8a ,b. From the results, the U−O and P−O bond are the strongest, which is expected from the structure as the uranyl polyhedra and phosphate tetrahedra form the main structural framework. However, there is a difference in the ICOHP of the U−O and P−O in both polymorphs. In the layered polymorph, the average U−O and P−O ICOHP are 2.62 and 3.12, respectively, while the average U−O and P−O ICOHP in the 3D polymorph are 3.09 and 3.19, respectively. The similarity in the ICOHP of the P−O, 3.12 in the layered and 3.19 in the 3D polymorph, comes from the uniform P tetrahedra, with similar P−O distances in both polymorphs. On the other hand, the U coordination, see Figure 1 , and U−O bond distances in both polymorphs are different, with the average U−O distances being shorter in the 3D polymorph (Table S3 ). The shorter U−O distances will induce stronger bonding and hence increased ICOHP for the U−O bonds in the 3D polymorph. The U−U and U−A bonds are the next strongest but still only a third of the U−O bond strength, with the A−A bond strength next, being ∼20% of the U−O bond strength. Lastly, the bond strength of the other five atomic pairs are each less than 5% of the U−O bond strength. Note the change in alkali atomic radius causes an insignificant change in the X−O bond strength (X = U, A, P), while there is a significant change in the bond strength of the more distant atoms (second NN shell atoms). For example, both U−U and U−P bond strengths decrease, and the U−A and A−A bond strengths increase with increasing alkali atomic radius size, which is inversely related to the change in alkali atoms. To accommodate the increasing alkali atomic radius, the 1NN U− U and U−P distances increase, decreasing the overlap between the U and P states and reducing the interaction. On the other hand, the U−A and A−A 1NN distances decrease with increasing alkali atomic radius, increasing the overlap between the U and A states and thus increasing the bond strength.
To evaluate the influence of the polymorph structure on the bonding strength, we calculated the difference between the ICOHP of the layered and 3D polymorphs (ΔICOHP) for each of the 1NN atomic pairs (see Figure 8c ). As the polymorphs have different structures with differing numbers of 1NN atoms and the contribution to the total 1NN bond strength depends on the number of 1NN bonds, it is most appropriate to compare the ICOHP per formula unit ( Figure  8c ). Calculated ΔICOHP for all 1NN bonds and at each U eff in Figure S4 illustrate that increasing the U eff has a weak influence on the ΔICOHP of the different polymorphs. From Figure 8 it is evident that the U−A bond strength in the 3D polymorphs significantly increases with increasing alkali size. As discussed previously, this can be attributed to the smaller average U−A distance and larger overlap between the U and A states in the 3D polymorphs. The substantial increase in the U−A bond strength in the 3D Cs polymorph can be the main driving force for the formation of the 3D over the layered polymorph. On the other hand, U−O bonds in the layered polymorph are stronger compared to the 3D polymorph, with the difference being significantly larger for the Na polymorphs, while the difference in U−O bond strength in the other three polymorphs is very similar. A decrease in the A−A and U−P bond strengths with increasing alkali atomic radius in the 3D polymorph is also noted. Increasing alkali size has a rather weak influence on the ΔICOHP of the other five atomic pairs, with the ΔICOHP values varying ±0.5.
Optical Properties. We calculated the real, ε 1 , and imaginary, ε 2 , parts of the dielectric function for each of the studied polymorphs, from which the absorption indexes were evaluated using eq 1. Because of the monoclinic structure of the polymorphs, the dielectric tensor will not be symmetric and the dielectric functions, ε 1 and ε 2 , will display anisotropic behavior, depending on which crystallographic direction is considered. For example, ε c (ω → 0), calculated using U eff = 1. Table S6 ). There is an evident decrease in the ε c with increasing U eff , where the ε c in the three crystallographic directions of each of the studied polymorphs display a converging trend toward each other with increasing U eff . The increase in the band gap with increasing U eff (see Figure 5) , and the known decrease in ε 1 , and hence ε c , with increasing band gap in a semiconductor/insulator 35 explains the decrease in the ε c with increasing U eff .
Values of α(ω) also depend on the crystallographic direction in the same manner as do ε 1 and ε 2 . The α(ω) values calculated for all the considered U eff values are shown in Figure  S6 . Shown in Figure 9 are the calculated α(ω) for each of the polymorphs, for U eff = 1.5 eV, as well as the α(ω) in the three crystallographic directions [100], [010] , and [001] of the Kcontaining polymorphs. It is evident that the fundamental absorption edge occurs at energies close to the polymorphs' respective band gaps, corresponding to the optical transitions between the VBM and CBM. It is also worth noting the similarity between the experimentally measured α(ω) 12 and the calculated α(ω), especially the α(ω) in the [010] and [001] crystallographic directions.
Three dominant α(ω) peaks are seen near 3.25, 4.8, and 6.25 eV (Figure 9c,d) . The first peak originates from the transition from the hybridized U-5f, U-6p, and O-2p states to U-5f (see Figure 7b ,f). The second peak is generated also by transitions from the U-6d and U-7s states to U-5f. Contributions to the third peak come also from transitions from P-3p states to U-5f and O-2p states to alkali atom states. In addition, similarly to the DOS, the α(ω) of the Na polymorphs have the most variation compared to the polymorphs containing the other three alkali metals, which have very similar α(ω) values in the three crystallographic directions (Figure 9a,b) . Considering the relation between the DOS and α(ω), the dependence on the U eff is seen to depend on the localization of the bands, with the increasing U eff promoting sharper, more defined peaks in the α(ω).
The α(ω) of the layered polymorphs in the [100] direction is significantly different than that in the other two directions because of its structure. Because of the presence of uranyl bipyramids in the layers which with the alkali metals run along the [010] and [001] directions, their α(ω) values are broader and more intense at lower energies compared to α(ω) along the perpendicular [100]. In the case of the 3D polymorphs, on the other hand, the α(ω) in the three crystallographic directions are more similar and are comparable to α(ω) for the [100] direction in the layered polymorphs. This similarity derives from the channel-like structure of the 3D polymorphs, with an average contribution to the optical transition states from the uranyl octahedral, phosphate tetrahedra, and the A− O interactions.
■ CONCLUSION
We have prepared Cs 4 [(UO 2 ) 3 (PO 4 ) 2 O 2 ] via high-temperature flux growth methods and determined its single-crystal structure. We performed DFT, DFT+U, and VBT calculations to determine relative layered versus 3D polymorph stability. DFT calculations showed the 3D Cs polymorph is energetically more stable than the layered polymorph. There is a trend, however, of increasing stability of the layered structures with decreasing alkali ion size, with the layered K and Na polymorphs being more stable. However, the energy difference between the layered and 3D polymorphs increases with increasing U eff , giving rise to inconclusive results for Rb polymorphs. VBT calculations revealed 3D polymorphs to be less thermodynamically stable than those of the layered uranyl phosphate family, A 4 (PO 4 ) 2 [(UO 2 ) 3 O 2 ], regardless of the VBT method and formula unit volume used for calculating the total energies. This helps explain why layered structures are more abundant in uranyl phosphate chemistry, especially structures containing smaller alkali atoms.
The band gaps of the 3D polymorphs are slightly larger than the band gaps of the layered polymorphs, originating from the U coordination and its influence on the states around the band gap. Bands in the DOS of the layered polymorphs are broader than those of the 3D polymorph, which was attributed to the broader distribution of 1NN bond distances in the layered polymorph. We argued that the different distributions of the DOS will have a distinct influence on the bond strength in the polymorphs.
Significant anisotropy in the optical absorption along the three crystallographic directions is observed, arising from the distinct structures of the polymorphs. The similarities between the absorption index in the [010] and [001] directions of the layered polymorphs are due to the absorption in the uranyl phosphate layers. The similarities in the absorption index in the three crystallographic directions of the 3D polymorphs are related to their channel-like structure.
Using COHP analysis, we show that the U−O and P−O are the strongest bonds in both polymorphs, followed by the U− U, U−A, and A−A, in descending bond strength order. In addition, we demonstrate that when considering the bond strength per formula unit, the U−A bonds are stronger in the Author Contributions V.K. was responsible for the DFT and DFT+U study. C.A.J. was responsible for the experimental part. E.E.M. was responsible for the VBT calculations. The manuscript was written by V.K. through contributions of all authors in the interpretation of the work. All authors reviewed the manuscript and have given approval to the final version of the paper.
